Substantial advances have been made in characterizing the biophysical properties of channels formed exclusively by connexin isoforms expressed mainly in the heart, e.g., Cx43, Cx45 or Cx40. These properties include transjunctional and transmembrane voltage gating as well as their perm-selectivity, chemical gating and, at a single channel level, their multiple open states and changes in mode behavior. Nonetheless, these connexins are rarely expressed individually in a cell and the presence of functional channels constituted by distinct connexin isoforms is now suspected to be a norm. In fact, combinations of the connexins that form heteromeric channels have been described in some tissues, increasing the necessity to reinforce the research that leads to understanding the effects of these heteromeric interaction on the gating and conducting characteristics of the channels. Furthermore, protein -protein interaction studies will help to understand which connexin domains are involved in these interactions and how they affect the physiology of channels and their interaction with other biological and structural molecules in the cell.
Introduction
Among the multiple types of channels expressed in vertebrate cells, only gap junction channels are known to allow intercellular communication between the cytoplasms of contiguous cells in tissues, and in some configurations, these channels allow direct communication between the cytoplasm and the extracellular media. Gap junction channels can be formed from one or various proteins named connexins that constitute a family of highly homologous proteins. A new family of proteins termed pannexins is emerging, and it will be necessary to determine their abundance and physiological relevance in cardiovascular tissue [1] .
Some of these channels are highly selective for small ions or molecules, and their gating mechanisms involve intracellular messengers; this indicates that their presence is required to maintain essential functions in many organs. Natural or induced mutations in these proteins cause the development of severe diseases [2] .
A gap junction channel is formed when two hexameric connexons dock; one connexon is provided by each of two contiguous cells (see Fig. 1 ). Connexons not apposed by any other connexon are known as hemichannels. Connexons and hemichannels are predicted to be either homomeric (all six subunits identical) or heteromeric (two or more different subunits; see Fig. 1 ). Full channels are predicted to exist in various configurations. These channels are homomeric if all subunits are identical, and also homotypic if both connexons are identical. Channels formed by different connexins are generally considered heteromultimeric. Various subgroups of heteromultimeric channels are distinguishable. These channels are heterotypic when all six connexins are identical in each connexon, but different for each connexon; mono-heteromeric when one homomeric connexon docks with one heteromeric connexon, and bi-heteromeric when they are formed by two heteromeric connexons.
The permeability of cardiac gap junction channels has been studied for more than 35 years [3] . This has been a great challenge, mainly because the proteins (connexins) that form these channels display intrinsic isoform diversity and have the capacity to form heteromeric connexons in vivo [4] . Since each connexin has unique gating and perm-selective properties, some combinations of connexins produce new biophysical properties that definitively change the interconnecting properties between cells. One clear example is seen in cardiac remodeling, where changes in connexin expression lead to changes in communication and possibly produce arrhythmias [5] . The medical ramifications of these changes create an inherent necessity for understanding interactions between connexon subunits and their impact on the biophysics of the channels formed.
Cardiac tissue from most mammalian species expresses similar types of connexins: Cx40, Cx43, and Cx45. The abundance of Cx43 in cardiac musculature and of Cx40 and Cx45 in conductive cardiac tissue provides the heart with communicating elements that allow the organ to work synchronously [6] . Similarly, during early heart development, the abundance of Cx45 [7] , which is known to form channels with low permeability, suggests a strong involvement for this connexin, not only in conduction of electrical signals but in differentiation of tissues.
Perm-selectivity
Early studies detected diffusion of molecular tracers in cardiac tissue, indicating that ions and other molecules could cross between cells [3] ; this movement of ions provided evidence of differences in the conductance of channels formed by distinct connexins [8] . The use of fluorescent molecules has helped elucidate some aspects of the selectivity of these channels; it was determined that the permeability of gap junction pores depends not only on the molecular properties of the permeant, but on the structure and properties of the channel, including its pore structure [9] , the surface charge [10] and, in some instances, on the interaction between the pore and the permeant [11] . These differences in perm-selectivity have been proposed to be relevant in signalling across the developing heart and represent an important tool for determining the mechanism of conduction and rectification in particular combinations of connexins.
Homotypic channels. Unitary conductance
Since the flux of ions across the adult heart is the main function of gap junctions in that organ, quantification of conductances of channels formed by distinct connexins allow correlation of these channels with physiological and pathological processes. To determine the unitary conductance of gap junction channels, it is necessary to obtain electrophysiological measurements through a double whole-cell voltage-clamp technique using tumour cells as an exogenous system of expression [2] . Three main states have been assigned to all cardiac gap junction channels: (1) open, which is the condition of maximal conductance; (2) residual, which is the non-voltage dependent state that is associated with voltage gating, but not with chemical gating; and (3) the closed or non-conductive state. The residual state is 10 -30% of maximal conductance and apparently represents incomplete closure of channels when the carboxyl terminal (CT) blocks the channel pore [12, 13] . This carboxyl terminal does not need to be attached to channel structures, because residual states can be observed with independent co-expression of truncated channels and the carboxyl terminal residues [12] .
Among the cardiac gap junction channels, the open conductance of Cx45 is the smallest at 30 -40 pS [14, 15] , that of Cx40 is the largest with values between 175 and 210 pS [16] , and Cx43 channels have an intermediate open conductance with values of 60-120 pS [17, 18] . The differences seen in unitary conductance values among Cx43 channels have been attributed to the phosphorylation state of the cell [8, 18] . Differences in unitary currents during one single recording are sometimes difficult to explain; the most plausible rationalization is the formation of heteromeric connexons (see below), because most tumour cells used in exogenous systems express endogenous connexins, mainly Cx45.
Homotypic channels. Selectivity
Gap junction channels, formed by cardiac connexins, display great selectivity based on molecular charge and molecular size. This lends a variety of selective and conductive properties to cardiac regions that express distinct connexins. Experiments using symmetric ion substitutions via patch pipettes have been performed, and a new scenario has developed wherein selectivity is not correlated with the unitary conductance of channels; this indicates that the selectivity process is not simple [9] .
Charge selectivity varies depending on the connexin isoforms present in the channels. Cx45 has the strongest selectivity for cations with a 10:1 ratio, while Cx40 favours cations at a ratio of 4:1 and rCx43 at only 1.2:1 [19] . It is important to note that there is no correlation between unitary conductance and selectivity. In experiments where selectivity has been studied using asymmetric solutions, it was reported that P K+/ P Cl-ratios for Cx43 and Cx40 were much greater than those predicted by conductance -mobility ratios of these ions [20, 21] . Apparently, this is due to fixed charges in the pore region that dominate the conductance ratios.
Studies on selectivity among different cations and anions are still being processed. For Cx43 channels, their charge selectivity is small and reports indicate that these channels are little selective, and there is a linear correlation between the permeability and the mobility of cations, although this is not linear for anions [21] . A more complex selectivity process has been described for connexin40 in which cation permeability follows the aqueous mobility of entities used, but anion movement does not match at all. Furthermore, the electrical conductance of the pore is reduced when anions permeate, indicating an anomalous interaction between charged species permeating the pore [20] . Further studies will be required to understand the interaction of Cx45 in heterotypic or heteromeric channels.
Homotypic channels. Permeability to large molecules
The pores of cardiac connexins are permeable to different large molecules up to f 1 kDa. The quest to find the limiting diameter, charge selectivity and ability to facilitate passage of specific cytoplasmic molecules requires the use of distinct types of molecules, including those with a variety of sizes and charges.
To determine the limiting diameter of channels, it is necessary to use either uncharged molecules or molecules with different sizes but with an identical charge and shape. Cx43 appears to have a larger limiting diameter than does Cx40, since it allows mannitol to permeate [21] . Compared to other connexins like Cx32, Cx37 and Cx43, Cx40 ranks among the smallest in its limited diameter for molecules to pass through the pore. This may be significant in the movement of molecules across tissue boundaries during differentiation.
Few experiments have been systematically performed to determine the selectivity of cardiac gap junction channels for charged molecules. An attempt using tetra-alkylammonium derivatives showed that TMA and TEA (radii of 3.47 and 4 Å , respectively) pass through Cx40 and Cx43 channels, although comparative studies for larger molecules could not be performed. Cx43 allows rapid permeation of 6-carboxyfluorescein and dichlorocarboxyfluores cein compared to Cx40 and Cx45, and Cx45 (with a smaller conductance) has greater permeability to these anions than does Cx40 [9] .
Cx43 channels are permeable to glutamate, glutathione, ADP and ATP [22] , and Cx40 is permeable to glutamate. Although more studies on Cx40 and Cx45 are necessary, the main conclusion is that differences in permeability to signalling molecules between cells could cause a temporal effect or response and could be altered by changing connexin expression.
An interesting approach to regulating permeability by transjunctional voltage (V j ) was reported for Cx43, indicating that the permeability of Cx43 channels at the residual state is significantly reduced by rectifying properties [23] . Voltage gating induces narrowing of the pore and greatly reduces dye transfer. This property could act as a voltage-sensitive gating mechanism that selectively filters molecules to limit metabolic communication, while still allowing electrical coupling. How this V j gating -permeability relationship applies under physiological conditions remains to be determined.
In summary, unitary conductance, cation selectivity and anion selectivity have been approximated for cardiac connexins, although no complete systematic studies have been performed exclusively for these molecules. Interestingly, differences in permeability vary during phosphorylation of connexins [24] , indicating that charges close to the mouth of the pore or in the pore itself alter permeability to large charged molecules.
Heteromultimeric channels. Unitary conductance
The three major cardiac connexins have been proven to form heterotypic channels, although formation of functional channels between Cx43 and Cx40 appears to be restricted [16] . For heterotypic Cx43 -Cx45 channels, the unitary conductance corresponds to the Ohmic sum of the predicted conductances for each of the homomeric native connexons ( f 50-60 pS), which indicates a good association between these two connexins [25] . Cx45 and Cx40 heterotypic docking produces similar results, with the resulting unitary conductances very close to 45 pS [26] . For Cx43 -Cx40, the unitary conductance of channels is dependent on the transjunctional voltage (V j ), with main states of 60 and 100 pS (Cx43 side made positive or negative, respectively).
Biochemically, Cx45 and Cx43 can be co-immunoprecipitated, indicating a close relationship between these connexins in vivo [27] . In the same way, Cx40 and Cx43 coimmunoprecipitate [28] . Although the results of biochemical methods suggest formation of heteromeric channels, a complementary method for testing whether heteromeric channels are actually functional is by finding incorporation of multiple, new unitary conductance levels intermediate between the conductance levels known to occur in homotypic and heterotypic channels [29] . For Cx40 and Cx43, most of the values for unitary conductances are in the lower range between the unitary conductances of homotypic channels formed by each connexin; however, an influence from endogenous Cx45 could not be eliminated.
Co-expression of Cx43 and Cx45 also produces intermediate sizes, but unitary conductances smaller than Cx45 homotypic channels have been found abundantly, indicating that there are substantial differences between heteromeric channels formed by different combinations of connexins [30] .
Mono-heteromeric combinations between Cx40 and Cx43 connexins indicate that their unitary conductances are smaller than expected from homotypic Cx40 or Cx43, suggesting that there are probably some connexin combinations that are not functional, although, again, the influence of endogenous Cx45 cannot be excluded [28] . Interesting results have been presented in calculating molecular flux across connexins by using traditional measurements; LY was found to be five times more permeable though Cx43 channels than through Cx40 channels (f 1600 to 300 molecules/channel per second), and heteromeric channels yield intermediate flux values [31] .
All these data forecast that the movement of signalling molecules according to the connexins expressed causes differences in physiological responses.
Although not yet studied for cardiac connexins, the combination of Cx26 and Cx32 in reconstituted bilayers produces channels capable of selecting between cAMP and cGMP [32] .
Hemichannels. Unitary conductance
One of the first indications of functional hemichannels was obtained from Cx46 expressed in Xenopus oocytes [33] . Later, a more physiological preparation from fish retinal cells showed channels whose current inactivation was strongly voltage dependent [34] . Among the cardiac connexins, Cx45 has been fully characterized as a functioning hemichannel in an exogenous expression system [15] . Its unitary conductance of 70 pS does not depend on polarity and its residual state of 15 pS resembles those found in homotypic full channels.
It has been proposed that Cx43 hemichannels are present in some cell systems and that their appearance seems to be correlated with oxidative stress [35, 36] . The active form of these channels has been recently reported [37] . The unitary conductance of Cx43 hemichannels is, as expected, twice the conductance of the full channels that are found in cell pairs.
Since Cx45 forms abundant hemichannels and Cx43 is able to form heteromeric connexons with Cx45, it would be prudent to determine if the few hemichannels observed in HeLa or other cells are the product of heteromerization, which allows formation of semi-functional channels when Cx45 is present.
Hemichannels. Selectivity
Isolated HeLa cells expressing Cx45 have been shown to take up propidium iodide (e = + 2) and LY (e = À 2) at relatively similar rates when exposed to low extracellular calcium solutions, although these data do not clearly correspond to the normal flux of dyes in Cx45 full channels from the same cells. Normally, LY diffuses rapidly, while PI is barely detectable. This change in diffusion patterns for these dyes indicates that docking between connexons probably changes the selectivity/permeability ratio for Cx45 channels [15] . Small changes in the internal shape of the pore might substantially reduce permeability to large molecules, leaving the unitary conductance values relatively intact.
The few studies of the selectivity of Cx43 hemichannels indicate that, as is seen in their homotypic counterparts, their pore is not selective for charged molecules, since positively (ethidium bromide [37] ) or negatively charged (LY, 6-carboxyfluorescein) dyes can be taken up by tumour cells [37, 38] in culture or by primary isolated cells [35] . Although interesting, it has been surprising to observe that the uptake of dye takes place in cells under control conditions where hemichannel detection by voltage clamp has been low [37] , indicating that other channels or transporters might be involved.
Voltage gating
The sensitivity of gap junction channels to voltage has been well characterized; the macroscopic conductance becomes reduced upon transjunctional (V j ) or transmembrane (V m ) voltage. In general, the processes of gating are complex, and, although some parameters can be used to compare sensitivity of connexin isoforms, multiple issues need to be clarified, including the mechanism for instantaneous gating.
Homotypic channels. Transjunctional voltage dependence (V j )
V j gating of connexin channels has been studied in cell pairs, and these studies show a reduction of the macroscopic current as voltage of either polarity is applied to either cell of a pair. This yields a non-linear relationship that can be fitted for most of connexons with a Boltzmann equation, stated as G=(
Here, G max and G min are the maximal and minimal conductances. ''A'' equals (nq)/(kt) or the energy term that expresses the voltage sensitivity where n is the equivalent of a charge moving through the voltage field, q is the unitary charge, k is Boltzmann's constant and t is the temperature. V o corresponds to the voltage at which the change in conductance is half-maximal. In general terms, connexins vary in their V o , G min and n, indicating that voltage sensitivity and residual conductance for each connexin is different (see Fig. 2 ).
Voltage gating of cardiac connexins is similar, although each channel type is regulated by its own gating constants. The most remarkable property is that at voltages above V o , the channels reach a sub-conductance level that is not voltage dependent [39] and whose size is between 15% and 30% maximal unitary conductance. This residual conductance has its own gating properties [23] , which is likely to be the result of a partially closed channel. This fast gating has been related to the carboxyl terminal (CT). As the CT is reduced in size, the channel loses its fast gating, and slow gating governs closing of the channel [12, 40] , apparently separating the gating mechanism. When the tail of Cx43 is expressed separately, it interacts with the truncated connexin to re-establish residual conductances [12] . Furthermore, the CT of Cx43 is capable of recognizing truncated channels of Cx40 and inducing gating behaviour that includes similar residual conductances [13] . Altogether, these data indicate that residual conductance may represent incomplete closure of a pore by the CT. It is worth mentioning that this gating mechanism is similar in other connexins but can be mediated by other molecular regions, as is seen in Cx26 where the N terminus is responsible for fast gating and residual conductance [41, 42] . Fig. 2 . Transjunctional voltage gating. Comparison of macroscopic gating properties between homotypic channels formed of either Cx43, Cx40 and Cx45. Top left: A representative inactivation of currents when a F 100 mV is applied across Cx43 channels. Bottom left: A cartoon representing a connexin channel with its two gating domains during the application of a voltage potential of distinct polarity. According to the polarity applied, one of the two domains, here representing the carboxyl terminal, will gate preferentially.
Heteromultimeric channels. Transjunctional voltage dependence
In a simple configuration such as heterotypic channels, the voltage gating properties of connexon channels become altered. For pairs formed of heterotypic Cx45 -Cx43, it has been reported that docking of these connexons inhibited the gating of Cx43 [25] . This was confirmed by modelling the gating behaviour of these channels, where the voltage drop across the smaller of the connexons, in this case Cx45, was much larger than across the opposite connexon [43] . The gating sensitivity was not inhibited, but the actual voltage drop was reduced. At a microscopic level, these channels have an intermediate conductance, but their residual conductance disappeared by a mechanism still not determined [25] .
Pairing of Cx40 and Cx43 to form heterotypic channels in RIN or HeLa cells displayed a sum of their properties instead of an increase in rectification. This sum likely indicates that these connexins gate to the same polarity [16] . Using distinct connexin combinations, it is clear that Cx43 and Cx45 gate to inside negativity, but Cx40 paired with Cx37 appeared to gate to positivity [44] . This concept has currently been challenged by experiments with HeLa cells that express heterotypic Cx45 -Cx40 [26] . The steep difference in conductance of connexons and lack of resolution that is caused by series resistance in some experiments may have hindered finding the real voltage gating polarity of Cx40. Although conclusive, these results must be reassessed in other systems in order to verify that the polarity of Cx40 is not inverted according to the opposing connexon.
For bi-heteromeric channels, it has been demonstrated that Cx45, Cx43 and Cx40 can form heteromeric connexons; their voltage gating appears to be a blend of the properties of the parental homomeric connexons. For Cx40 and Cx43, and for Cx45 and Cx43, gating at distinct ratios seems to follow specific values of gating, as if their combination intermingles, producing novel properties, where the sensitivity of the connexons seemed changed [30, 45] (but see Ref. [28] ). V j properties for heteromeric combinations of Cx45/Cx40 connexon combinations are presently unavailable.
A recent report showed that the formation of monoheteromeric channels, Cx45/Cx43 -Cx43 combinations induced further reduction in Cx43 connexon gating, which confirmed that these heteromeric Cx45/Cx43 connexons had a lower unitary conductance and induced a smaller voltage drop across the opposing homomeric connexon, in this case, Cx43 [30] .
The voltage gating of mono-heteromeric combinations of Cx40 and Cx43 could be not be fit by the combination of homotypic and heterotypic properties, indicating that the heteromeric channels probably have functional significance with regard to voltage-dependent gating [45] (but see Ref.
[28]).
Homotypic channels. Transmembrane voltage gating
Of all cardiac connexins, Cx45 shows the strongest sensitivity to transmembrane voltage. This gating occurs when the membrane potential of both cells changes simultaneously. This type of voltage gating has been called V i -o or V m and is substantialy slower than V j . In the case of Cx45 channels, the conductance of the junction increases up to 2.5-fold from À 100 to 0 mV in the mouse homologue. For other homologues, the dependence is not that steep, but there is always an increment to positivity. Cx43 is less sensitive to V m and gating occurs in the opposite direction, where conductance decreases during depolarization [46] . Cx40 appears to be totally insensitive to V m [47] . The decrease or increase in conductance in all cases occurs as a change in open probability, since no changes in unitary conductance have been reported for different polarities [25, 39, 47] .
Heteromultimeric channels. Transmembrane voltage gating
In heterotypic channels formed by Cx43 -Cx45 or Cx40-Cx45, the dependence for V m becomes substantially reduced (30% and 50%, respectively [26, 48] ). Since the sensor for V m appears to be in the docking domains of channels [49] , it is possible that the sensing and/or gating mechanisms become altered as docking occurs in heterotypic channels.
Hemichannels. Voltage gating
The mechanisms of gating are maintained in Cx45 hemichannels, where for hyperpolarizing pulses, the channels gate rapidly, maintaining most of the properties of the connexons. Voltage dependence with V o = 11.1 mV is comparable to that reported for homotypic channels [14, 15] . This indicates that the gate and sensor of the hemichannel are similar to those present after docking in a connexon. For depolarizing pulses, the Ca 2 + -dependent loop gate opens with slow kinetics, such as those shown for hemichannels formed by other connexins (Cx46, Cx50).
At a microscopic level, the behaviour of channels resembles gating to V j voltage at hyperpolarizing potentials, with changes in conductance to a residual state of 15 pS; this indicates that these hemichannels follow fast gating where the CT partially blocks conductance of the channels [15] . In most of the hemichannels recorded, the presence of loop gating can be considered the mechanism for keeping the channel in the completely closed state. This gating is regulated by extracellular calcium, and gates open under depolarizing pulses. As for other hemichannels, studies on cardiac connexins need to be focused on determining whether this loop gating corresponds to the V m gating mechanism in a full channel, and how it contributes to chemical gating.
Loop gating
At the single channel level, the gating of all cardiac connexin homotypic channels shows slow transitions between open and closed states; this indicates that eventually these channels can fully close. This slow gating, which was associated initially with loop gating in Cx46 hemichannels [50] , appears to be present also in full channels. Slow gating shows gating times similar to those observed during chemical gating, as we will see below, and has been detected in Cx43 channels where the CT has been truncated [12, 51] .
Chemical gating
As for other connexins, the biophysical properties of cardiac gap junction channels are known to be biochemically modulated. Some of these compounds are thought to affect the interaction of channels with their surrounding membranes, and others are physiological intracellular compounds. The latter effect is understandable, since the pores of these channels are facing the intracellular millieu. Several compounds have been reported to reduce junctional coupling, but only a few can be considered to have a direct effect on gap junction channels.
N-Alkyl alcohols
Heptanol and octanol, first described as gap junction channel blockers in invertebrates [52] , are known to rapidly and reversibly inhibit gap junctional conductance. It has been determined that these alcohols reduce the open channel probability with little effect on the unitary conductance of the channels [13, 53] . These alcohols are effective in all cardiac connexins. Their mechanism of action has been proposed to be mediated by changes in the cholesterol-rich region that surrounds connexin channels.
Halothane
Halothane's rapid action in reducing junctional conductance is reversible and does not affect the unitary conductance of the channels [54] . Although it is not specific for gap junction channels, since it affects even cellular receptors [55] , it appears that channels from some connexins have distinct sensitivity to halothane [56] . These differences may create some interesting structural correlations during investigation of the gating behaviour of heteromultimeric channels using other uncouplers. Halothane is one of the few uncouplers that has been systematically applied to compare sensitivity between homomeric and heteromeric connexons formed by Cx43 and 40. Heteromeric connexons display more sensitivity to halothane than do homomeric connexons, since uncoupling occurs in heteromeric channels twice as rapidly. This indicates that the packing of heteromeric connexons in the membrane offers less stability and renders a structure that could be affected more readily by lipophilic agents that affect membrane structure.
Glycyrrhetinic acids
These represent another group of compounds that reduce coupling in almost all connexins [57, 58] and whose mechanism of action have not yet been determined. These compounds affect coupling in long-term cell cultures at low concentrations, although they display toxic effects at higher concentrations. At low concentrations, glycyrrhetinic acids do not completely block communication among cells; this probably indicates partial block of the channels [58] . Reports indicate that these changes are unrelated to protein phosphorylation and that phosphorylation is not a requirement, since communication through Cx26 channels is affected. It appears that the change in conductance is independent of the expression of channels, but relies mostly on alteration of channel distribution in plaques [58] .
Intracellular acidification
The process of ischemia in cardiac cells produces a strong and significant reduction of intracellular pH that has been associated with healing after an infarct, or arrhythmias due to electrical uncoupling between cells. This internal pH reduction has been shown to reduce junctional conductance. The sensitivity to low pH has been found to be connexin specific, indicating that the mechanism of action is related to molecular structure. It is generally accepted that the CT of connexins participates actively in this process, since the truncation of the CT in Cx43 [59] abolishes junctional sensitivity. Nonetheless, not all pH gating depends on the CT. Truncated Cx45 channels remain sensitive to pH acidification as do the channels of Cx26, a natural connexin lacking a CT [60] .
The presence of histidine residues in the cytoplasmic loop is required for gating of Cx43 by pH, although in Cx46, H95 seems not to be required [61] . Plasmon resonance studies now suggest that specific protein -protein interactions between the CT region and the CL regions are required [62] . How direct is this process? Cx46 hemichannels in the excised patch conformation appear to gate with a high concentration of protons [61] and this has been hypothesized to be the general mechanism, although for Cx43 channels some reports suggest the need of an intermediary [63] .
For cardiac connexins, Cx43 is most sensitive to low pH, and Cx45 is the least sensitive. The formation of heteromeric connexons by Cx43 and Cx40 yields channels more sensitive to acidification [64] . This may have strong consequences in the differential effects of connexins in distinct regions of the heart, where specific connexins are expressed. Further comparative studies are required to determine these differences.
pH gating occurs in connexons or hemichannels similarly, as demonstrated for Cx46 and Cx38 where the sensitivity to pH is maintained in both structures. Cx45-related membrane currents in HeLa cells are sensitive to CO 2 perfusion, although the sensitivity to acidification has not yet been quantified [15] .
Phosphorylation. Homotypic channels
The majority of vertebrate connexins are known to be posttranslationally modified by phosphorylation. Connexins are targets of numerous protein kinases, including protein kinase C, mitogen-activated protein kinase, and vSrc tyrosine kinase [65] . Connexin phosphorylation has been implicated in the regulation of various cellular processes that include trafficking, assembly, degradation, gating and selectivity of gap junction channels. In this section, we will focus mainly on the effects of phosphorylation on the gating and perm-selectivity of cardiac connexins. Cx43 channels were the first reported to undergo changes in the distribution of unitary conductance during the activation of C kinases [18] . The serine residue involved in the shift of unitary conductance during PKC activation is S368 [66] , indicating its direct involvement in the reduction of total conductance between cells. Rat Cx43 can also react to PKG in a similar manner but not humanCx43, which does not have a serine in position 257, showing the relevance of that site to G kinases [67] .
The mechanism by which phosphorylation modifies the unitary conductance of the channels remains unknown, but phosphorylation of CT is required. Probably, the alteration of charge changes the affinity of the main channel, which, in turn, maintains the channel in a partially open state. A rapid reduction in junctional communication is also observed during activation of ERK. This kinase phosphorylates serine residues 255, 279, and 282. Although there are no single channel recordings, the rapid change in electrical communication indicates a gating mechanism and possibly a direct interaction [65] . Further studies would be required to determine the nature of these changes.
Recent work has established that phosphorylation at tyrosine Y265 resulted from a cascade of events in which ERK was a major participant [68] . This work clarified that the whole CT is required for inhibition of conductance. Hence, ERK appears to gate Cx43 channels rapidly. The mechanism associated with this gating requires the presence of the CT [69] , where the presence of CT independently coexpressed with tailless channels recovered inhibition during phosphorylation [65] .
Rat Cx45 responds to PKC activation with the appearance of a new, smaller conductance state, but when mouse Cx45 is phosphorylated, there is a tendency for the channels to reside longer in the open state, probably increasing total conductance [70] . The conductance of the junctions formed by chicken Cx45 is substantially reduced when phosphorylated by TPA, reducing also its permeability to LY, but not to neurobiotin [27] .
Studies of the changes in biophysical properties due to phosphorylation of Cx40 have been scarce. Activation of PKA reduces the time Cx40 channels spend in substates, indicating that the total conductance of the junction probably increases [71] .
Heteromultimeric channels
The co-expression of Cx45 and Cx43 produces bi-heteromeric channels with reduced sensitivity to activation by TPA [27] . Homotypic cCx45 and rCx43 have both been inhibited by as much as 70% after activation with TPA. When bi-heteromeric channels become phosphorylated during TPA activation, this reduction is less that 50%. Since not all channels are expected to be identical, the average lower reduction seems to indicate that some channel combinations respond less to activation by PKC. The mechanism involved in this desensitization is unknown and needs to be thoroughly analyzed to determine the interaction between connexins. The effects of phosphorylation on other cardiac connexin combinations have not yet been studied.
Quinine and other selective blockers and uncouplers

Quinine
Quinine specifically reduces gap junctional currents in a concentration-dependent manner for channels formed by Cx36 and Cx50 with kAs below 100 AM. At 300 AM, quinine does not substantially block Cx40 or Cx43 but reduces Cx45 by 50%, apparently through the loop gating mechanism [72] .
Arylaminobenzoates
Arylaminobenzoates block gap junction channels at concentrations in the 100 AM range. The degree of blocking by these compounds is not high for all connexins, but can differentiate between some of them. Although the differences found for arylaminobenzoates are not as striking as those found for quinine, it is intriguing that both of these compounds differentially block certain connexin channels [73] .
Tetra-alkylammonium ions
Cx40 is permeable to small tetra-alkylammoniun ions (tetramethyl-and tetraethyl-), but large ones block the permeant pore with concentration and voltage dependence. Apparently, one site of interaction within the pore gates so quickly that it precludes recording single channels. This blocking does not interfere with other gating phenomena, like the V j gating of Cx40 [74] .
Spermine and spermidine
A group of compounds known to block receptors in neurons is also reported to be capable of selectively block-ing Cx40 [75] . Spermine and spermidine block up to 95% of the current that crosses homotypic junctions. In this case, spermine reduced the unitary conductance of Cx40 and significantly reduced the open probability of the channels in a V j -dependent manner. Similarly to quinine and other derivatives, spermine and spermidine are able to discriminate pharmacologically the physiological and pathological roles of some connexins in tissues that co-express multiple connexins.
Summary
In cardiac tissue, the expression of distinct connexins is noteworthy in the conduction system of the heart [76] . Some of the biophysical properties of these connexins increase the importance of electrical signalling to heart function [77] . This effect may not be seen in the musculature itself, where an extreme reduction in the number of Cx43 active channels would be required to jeopardize appropriate communication between cells [78] , but in regions where communication is less abundant (regions of the SA node, AV node or close to an infarction site). In these areas, other factors like ischemia, transmembrane voltage dependence or phosphorylation can affect overall conductance.
Until now, our knowledge of the biophysical properties of gap junctional channels has been mainly restricted to homomeric channels and hemichannels and to a few heteromeric combinations. The temporal and regional co-expression of distinct connexins in a particular region of the heart suggests formation of heteromultimeric channels. The biophysical properties of these channels could be predicted to be a mixture of the properties of their components. Nonetheless, important variations have been observed; some gating properties become augmented or reduced, and single channel distribution becomes skewed. Phosphorylation, low intracellular pH, and perm-selectivity also seem to be modified when these connexin combinations occur.
As we continue to perform controlled experiments and learn to link subunits to reduce the number of heteromeric combinations, we will be able to understand more quickly the way that interactions between these subunits affect the properties of heteromeric channels. At the molecular level, interaction between proteins and distinct regions within these proteins may elucidate some epitopes for interaction and may help predict how these distinct subunits interact, not only at the membrane level, but also within their gating mechanisms.
The demonstration that connexins can form heteromeric combinations has been performed mostly in exogenous systems, and few examples have been reported from freshly isolated cells. Unless we understand how these channels behave in vivo, in their natural environment, we will be unable to control their function so that pathological behavior induced by changes in the expression of these connexins can be corrected.
